Commonly, the magnetic component designer focuses the design on the performance of the magnetic component without a detailed analysis of the whole circuit. However, a complete design process should cover different stages, from the analytical design to the circuit simulation using accurate models. This paper presents a design example where it is highlighted the importance of designing inductors not just from the point of view of the device itself but from the point of view of the circuit where the component is working. It is shown that the optimum design depends on the working mode of the converter and therefore, the design should be analyzed applying circuit simulations in order to verify the selected configuration.
I. INTRODUCTION
There are many topologies of power converter containing inductors (Buck, Boost, Buck-Boost, Forward, Push-Pull, Half-Bridge, Full-Bridge,...). The efficiency, size and behavior of the converter depend drastically on the design of this inductor. The inductor design is commonly oriented to optimize the device using the voltage and current waveforms as design input data. However, the real design goal should be oriented to the converter behavior, and not the inductor behavior. Furthermore, the design of the inductor must be carefully selected depending on the working points of the converter, because the optimum design could be different for each working point.
A "complete" design process should cover different stages. The first and common one is the application of analytical expressions in order to obtain the optimum design in terms of losses. This design should be oriented to the "worse" operating point of the inductor in terms of saturation. The output data of this stage is usually the core shape and size, the core material, the conductor size, the number of turns and the gap length. Commonly, this is the only stage covers by many designers. The generation of a model of the selected design is something that usually is difficult for many designers, and the information that is supposed to extract from them is many times replaced by the construction and measurement of the actual sample. However, the modeling stage is a terrific tool in order to validate the design at device and converter levels. An accurate model avoids the construction of the magnetic component until the expected results are obtained. The combination of the model with the circuit simulator provides the whole solution to complete a "virtual prototyping" of the magnetic component based on computer simulation. Obviously, this procedure becomes efficient if the designer is able to apply a set of tools "easy to use". In other words, if the transition between design, model and simulation tools is easy, and there is not a need to learn different and complicate tools in order to generate models valid for circuit simulators.
This work presents a design case where all these issues are illustrated. The design example is the inductor of a buck converter for an automotive application.
Section II presents the different design stages that are proposed to be completed in any magnetic component design.
Section III describes the application of the previously mentioned design stages to one specific design case. The difference among the different design stages will be highlighted. The importance of cover all the stages will be shown with this specific case.
Finally, a summary of the work will be presented in section IV.
II. DESIGN STAGES
The design of a magnetic component is a task that should be completed in different stages. However, most of the magnetic component designers only cover part of the whole process. A "complete" design process should cover the stages described in the following sections.
• Conductor type (Solid, foil, litz,…)
• Number of turns and number of parallel wires • Gap length
The selection of all those constructive parameters is usually performed applying analytical expressions using as input data several of the following parameters:
• Switching frequency • Inductance value or current ripple • Voltage and current waveforms • Maximum flux density
The "quality" of the design depends on the expressions that have been applied for the calculations, especially the modeling of the losses. There is a trade-off between accuracy of the results and time to design. It should be highlighted that in terms of design purposes it is more important to obtain better "qualitative" results than "quantitative" results. In other words, it is more important to know that one design is better than another one (for example in term of losses), even if the absolute value of the losses for both designs are not extremely accurate. Therefore, the design process and the expressions applied should guarantee that the obtained results yield to these conclusions.
There are two main difficulties to get the optimum design for a magnetic component:
1. There are many degrees of freedom to be considered (core size, core shape, core material, conductor type, conductor dimensions, number of parallel wires, …)
2. The wire losses and core losses are geometry and frequency dependent. Therefore, their modeling is a complicate task that could make ineffective (time/results ratio) the design process. Therefore, commonly, the designer uses simplified expressions in order to make more efficient the design process in terms of time. However, the designer should be caution about the expressions because the simplifications could make useless the design process. Therefore, a computer aided design is a good alternative for designing magnetic components.
In the following section it will be highlighted that a wrong design process could yield to select a wrong design.
Modeling
The modeling stage provides a model of the previously designed magnetic component in order to be used for device and system optimization. 
Figure 1. Comparison of 1D and FEA based models
However, if there are two dimensional effects that could affect on the design, the analytical approaches could become insufficient. For example, if the magnetic component contains an air gap, the effect of the fringing flux around the gap could be a critical design parameter. In this case, the application of Finite Elements Techniques is a very good alternative to take into account this effect. Figure 2 shows a comparison between a model based on Finite Elements and an analytical one based on transmission lines for a gapped component. It can be seen that the differences between the analytical approaches, where the fringing flux effect is not considered, and the Finite Element based model is now very important. 
Figure 2. Comparison of 1D and FEA based models
In the next section, a practical example will be used in order to illustrate how the model can be useful in order to select the proper design.
Circuit simulation
Finally, the magnetic component design should be oriented to the converter level. In other words, it is convenient to simulate the whole circuit with the model of the magnetic component in order to validate the design. At this point it is possible to modify the working conditions of the converter in order to validate the design under different working conditions. The implementation of the model in a circuit simulator netlist, is a very efficient way to carry out this stage. Once again, the use of a CAD tool [1] that aids the designer to create the model netlist from the design stage is the easier and more effective way to finish the design loop.
III. DESIGN EXAMPLE
In order to illustrate different alternatives designing a magnetic component, an inductor for a buck converter has been selected as design example. The specifications of the converter correspond to a typical automotive application. The specifications of the selected buck converter are shown in The converter specifications can be translated into waveform specifications. The current ripple is another degree of freedom that has been selected as 72% for this particular example. The lower the ripple, the higher the inductance. Therefore, applying the expressions that command the buck converter behavior, the waveform applied to the buck inductor presents the specifications shown in 
Design stage
As mentioned before, the design stage is usually based on analytical expressions in order to make it effective from the point of view of the time/accuracy trade-off.
Simple analytical expressions will be applied in this example in order to illustrate the results of the design stage. Alternatively, a CAD tool specially tailored for magnetic component designs [1] will also be applied in this specific example in order to compare these two design approaches.
There are several steps that should be covered during the design stage:
Core selection
Among the multiple design variables that should be selected in order to design a magnetic component, the core is one of the key elements. The efficiency and size of the design depends strongly on the core selection.
Usually, the core shape is selected accordingly to the application (power inductor, current transformer, RF filter,…). For this application, a POT shape seems reasonable.
The core size selection is based on the power that should be handled by the component. The "area product" (product of the window area by the effective area of the core) is a very common rule applied in order to select the core size. This parameter takes into account the maximum apparent power that the device is able to handle. Following the data-book recommendations, four sizes will be considered for this design example: POT26/16, POT30/19, POT36/22 and POT42/29.
The core material selection is usually based on the operating frequency. However, the "operating" frequency should be carefully selected accounting for the harmonic content of the waveform, and not only based on the fundamental harmonic. It is very different a current waveform operating at 200 kHz with a large ripple than another one with a small ripple, because the last one could be assumed as a constant current. In other words, the DC/AC ratio of the waveforms should be the real parameter that should be used in order to select the material for the core. In this particular example the material that has been selected is Ferroxcube 3F3.
Wire Selection
The diameter of the wires should be selected in order to minimize the losses as much as possible. The diameter should be selected accounting for the harmonic content of the current waveform. As mentioned above, the DC/AC ratio of the current is the parameter that should be used as reference for the diameter selection. For example, if the waveform applied to the inductor is a sinusoidal one operating at f Hz, the maximum diameter should be two times the skin depth (δ) in order to take advantage of the whole wire section. The equation (1) shows the value of the skin depth, where f is the frequency, µ 0 is the permeability of the air and σ is the conductivity of the copper.
However, if the waveform is a typical saw-tooth shape, with an important DC level, it is not convenient to select the diameter accounting only for the skin depth of the fundamental harmonic. The DC losses could become more important than the AC losses contribution. Obviously, the larger the diameter, the lower the DC losses. The ratio between AC and DC losses should be considered for the diameter selection. Commonly, for saw-tooth waveforms, the diameter should be something above two times the skin depth in order to reduce total losses (AC and DC).
In this particular example, and considering the skin depth at the fundamental harmonic (200 kHz, δ = 0.15 mm), a 0.3 mm diameter wire should be selected (AWG30). However, since there is a DC level, a 1 mm diameter wire (AWG19) has been selected for the analysis.
Once the diameter has been fixed with the AC/DC losses criteria, the way to limit the maximum losses is increasing the total wire section adding parallel wires. A rule of thumb that is commonly applied in order to limit the copper losses and temperature rise is limiting the current density. In this example, the current density has been limited to 10 A/mm2 adding 10 parallel wires.
Copper losses
Copper losses can be also calculated using expressions with different accuracy levels.
1. The simplest expression to calculate copper losses is considering the DC resistance (R DC ) of the wire and the RMS value of the current (I rms ).
2. The expression (2) is only valid if the skin and proximity effects are negligible. This could be commonly true for the first harmonics, but not for the high order harmonics. Therefore, it is convenient to take into account the AC resistance in order to calculate accurately the copper losses. The problem is that there are not simple equations to calculate the resistance considering the skin and proximity effects. Probably, the most commonly applied equations to consider the AC resistance are the Dowell [2] equations. These equations are not very complex to be solved with the aid of a computer software, but it is not very efficient (in terms of time) to solve them "by hand" for each design iteration. Dowell equations take into account the skin and proximity effects, but they are only applicable for 1D field distributions. If Dowell equations are applied to calculate the resistance at each harmonic frequency, the total copper losses can be calculated as shown in equation ( Where I rms_i is the rms value of the harmonic i and R AC_i is the resistance at the frequency of the harmonic i. It can be demonstrated that the total copper losses can be calculated as the addition of these terms.
Core losses
There are different approaches valid to calculate the core losses with different accuracy levels [5] [6]. In the design stage it is convenient to use a simple enough core model appropriate to calculate the core losses without the application of very complex expressions. There are models that account for Foucault, hysteresis and residual looses, but they are very complicate to be applied in a design iterative process. One of the most common models applied to calculate the core losses is based on the application of Steinmetz equation (4), where V e is the core volume, f is the frequency, ∆B is the variation of flux density and k, α and β are material parameters. In order to illustrate that the application of this design approach does not provide the optimum design, a CAD tool tailored for magnetic component designs [1] has been used in order to design the same component. The main differences between the design procedure applied in table 3 and the one using the CAD tool are as follows:
• The CAD tool is able to calculate many combinations of core size, wire diameter and core material in order to find the lower losses design • Core losses are calculated applying Steinmetz expression in both approaches, but copper losses are calculated in the CAD tool by means of Dowell expressions and FFT decomposition, as shown in (3) . Therefore, copper losses should be more accurate with the CAD tool application. Since the CAD tool is able to calculate any combination of core and wire sizes, three different design processes have been carried out in order to illustrate the approach.
1. Design 1 has been obtained with core shape (POT), core size (POT42/29), core material (3F3) and wire diameter (AWG 19) fixed as design constrains. It can be seen that the result is the same as obtained before.
2. Design 2 has been obtained using wire diameter as degree of freedom. Core shape (POT), core size (POT42/29) and core material (3F3) have been fixed as design constrains.
3. Design 3 has been obtained using both, the core size and wire diameter as degrees of freedom. Core shape (POT) and core material (3F3) have been fixed as design constrains. Table 4 . Results using CAD design.
It can be seen in table 4 , that using all the parameters as degrees of freedom, the losses can be drastically reduced (from 520 mW to 126 mW). Obviously, the use of these degrees of freedom is not a "feasible" option using "hand" calculations. Another point to consider is the global design, and not only the losses. As shown in table 4, the air gap and the core size of the lower losses design are larger. The designer should introduce in the design process constrains (core size, gap length,…) that should be considered in the design flow. The use of the CAD tool simplifies these design iterations accounting for those constrains.
Modeling
In order to illustrate the benefits of the modeling task for magnetic component designing, an inductor design will be modeled and simulated. It will be shown the impact of the winding strategy in the component behavior. An "alternative" design, different than the ones shown in table 4, has been selected for this purpose. This design has been selected for three reasons:
• A "simple" winding strategy with two layers of turns in parallel • The whole window height is filled with turns • Enough room available in the window in order to be able to "move" the windings across the window width. The inductor design characteristics are shown in the Table 5 . Characteristics of the modeled inductor Two winding strategies have been modeled in order to illustrate the effect of the position of the conductors in the window from a point of view of losses. The situation of the winding in the window is shown in figure 3 . Design A is the one with the winding close to the air gap and Design B presents the wires separated 1.33 mm from the air gap. The modeling task is not a simple stage, because an accurate model should be applied in order to extract useful conclusions. There are many proposals to model magnetic components [3] [4] . Since the effect that is pretended to analyze in this case is bi-dimensional (air gap fringing flux), a model based on Finite Elements Analysis (FEA) has been selected [7] . Therefore, the two situations shown in figure 3 have been modeled using a FEA based model with PEmag [1] . Figure 4 shows the resistance as a function of the frequency for both inductors.
Figure 4. Resistance as a function of the frequency of designs A (up) and B (down)
It can be seen that the resistance at 1 MHz is 2 times higher for the case with the conductors close to the air gap. However, the DC resistance, as shown in 
Circuit simulation
Both inductor models have been included in the buck converter schematic and looses have been obtained using Simplorer [1] , as it is shown in figure 5 . The circuit has been simulated under two load conditions. The high load is 50 A and the low load is 5A. The current waveform for both load conditions is shown in figure 6 . The simulation results are shown in As shown in table 7, depending on the load condition, one or the other design could be better. If the DC level of the current is very important compared with the AC level (high load), the design with lower DC resistance should present lower loses. This is the reason to obtain 1.5 W lower losses in "Design A" than in "Design B" for the high load case. However, if the AC level of the current presents the same magnitude order than the DC level (low load), the air gap effect should be reduced as much as possible in order to reduce the AC resistance. Therefore, the "Design B" is better for the low load case because the conductors are separated from the gap, and the AC resistance is reduced.
This example illustrates that the magnetic component design should be oriented to optimize the whole circuit, and the final design depends on the circuit working conditions.
IV. VALIDATION
In order to validate the previous results, a 120W and 150 kHz version of the buck converter was built and measured. The same converter has been operated with two inductors with different separation of the conductors to the air gap. Figure 6 shows a photograph of the inductors and the actual prototype.
Figure 6.Photograph of the inductors (up) and converter (down)
The efficiency under two load conditions was measured.
The results are summarized in table 8.
These results confirm the conclusions extracted in the previous point. The efficiency of the converter can be improved one point if the appropriate design is selected.
Load "Design A" Efficiency "Design B" Eficiency
High 89 % 87 % ⇒ ⇒ ⇒ ⇒ "Design A" is better than "Design B"
Low 91 % 92 % ⇒ ⇒ ⇒ ⇒ "Design B" is better than "Design A" 
V. CONCLUSIONS
This work describes a procedure to design magnetic components based on three main steps: analytical design, modeling and simulation. A design example has been presented in order to highlight that the use of CAD tools is a recommended option for magnetic component design. Since the number of degrees of freedom is very high, the calculation power of the CAD tool provides a great help for the designer. It has been shown that the modeling task provide a deep insight into the design. Using accurate models it is possible to optimize the final design from the point of view of the winding strategy. Finally, the simulation stage is very useful to optimize the design at converter level. The simulation stage provides information about the impact of the design on the converter behavior.
